Coordination polymers (CPs) and metal-organic frameworks (MOFs) have emerged as versatile precursors for transition-metal phosphides catalysts. However, the controlled synthesis of MOF-derived bimetallic phosphides remains a challenge, as mixtures of various phosphide phases are often formed. Here, it is shown that controlling the formation of pure CoMoP and CoMoP 2 requires a careful choice of the ligands used to construct the MOF precursors, based on the chemical properties of the metals. In particular, the nature and number of the coordination moieties of the ligand play a key role. CoMoP and CoMoP 2 particles coated with N-doped carbon were derived from phosphonate-based MOFs and compared as hydrogen evolution reaction (HER) electrocatalysts in acidic medium. CoMoP 2 is more active and shows a turnover frequency (TOF) of 0.9 s -1 compared to 0.4 s -1 for CoMoP. The higher intrinsic activity of the CoMoP 2 catalytic sites correlates with the differences in the electronic structure of the materials, with a larger charge transfer from the molybdenum to the phosphorous found for CoMoP 2 .
Introduction
Catalysts are key elements in the development of environmentally benign energy conversion technologies (e.g. electrochemical water splitting, CO 2 reduction or metal-air batteries) necessary to make the transition from the current fossil resources-based economies to sustainable ones relying on renewable resources. [1] [2] In particular, transition-metal phosphides (TMPs) have emerged in recent years as potential inexpensive alternatives to noble metal catalysts (e.g. Pt) for the electrochemical water splitting reactions, namely the oxygen evolution reaction (OER) and the hydrogen evolution reaction. [3] [4] Among the different strategies available to fabricate TMPs, the use of coordination polymers (CPs), such as metal-organic frameworks (MOFs), [5] has recently attracted a lot of interest from researchers due to their versatility as precursors for a large variety of high-performance functional materials. [6] [7] Controlled pyrolysis, generally followed by phosphidation treatments, converts the metal cations of the coordination compounds into the corresponding metal phosphides, while the organic ligands are transformed into carbon. [7, [8] [9] [10] [11] Our group also reported that by using phosphonate ligands, the precursor can be converted directly to the metal phosphide in a single pyrolysis step under Ar/H 2 (5%). [9, 12] Additional advantages of these precursors include the regular distribution of the metal cations in the structures, which promotes the formation of TMPs particles uniformly distributed in the carbon, while the organic ligands separating the metals counteract the sintering processes during pyrolysis at high temperatures. [7, 9, 11] The carbon derived from the ligands provides electrical conductivity and stability to the material, which is beneficial for electrocatalysis. [7, 11] In addition, the presence of heteroatoms in the ligands, such as N or S, can generate doped carbons that can further enhance the electrical conductivity or introduce additional active sites. [7, 11] MOFs have been successfully employed as precursors for a large variety of TMP-based materials demonstrating high electrocatalytic activity, including NiP 2 , [13, 14] CoP, [15] FeP, [16] Cu 3 P, [17] and MoP. [18, 19] For example, cobalt phosphide (CoP) embedded in N-doped carbon has been successfully prepared through a pyrolysis-oxidation-phosphidation strategy of core−shell ZIF-8@ZIF-67, and showed remarkable HER activity, with overpotentials of 140 and 115 mV at 10 mA cm -2 in alkaline and acidic media, respectively, and almost 20 h stability during continuous electrolysis. [20] Enhancement of the catalytic performance can be achieved via modulation of the electronic structure of the active sites through the formation of bimetallic phosphide phases. [21] However, the synthesis of bimetallic phosphides remains a challenge, as the different reactivities of the metals can easily lead to mixtures of metal phosphide phases. [8, 10, [22] [23] [24] The ability of the ligands in coordination compounds to bind to a large variety of metal cations gives the MOF synthesis strategy a potential advantage to overcame this challenge. As a result, several MOF-derived doped and bimetallic phosphides have been recently studied. [8, 10, [22] [23] [24] [25] [26] For example, a series of M-doped CoP nanosheets (where M refers to Ni, Cu, Mn or Zn) with Co:M ratios of 20:1 have been derived from imidazolate MOFs. [25] Although research has been almost exclusively limited to divalent first row transition-metals, mixtures of segregated phases are still often obtained, as found for MOF-74-derived CoNiP where the simultaneous formation of Co 2 P was unavoidable. [27] These results highlight the difficulty in fabricating pure phases of bimetallic phosphides in a controlled manner, which drastically increases when the chemical reactivity and valence state of the cations are significantly different. Bimetallic phosphides combining first row divalent transition-metals with e.g. Mo or W, in particular CoMoP [28] and CoWP, [29] have shown great potential as HER electrocatalysts, but these types of bimetallic phosphides are difficult to achieve. [24] Therefore, the design of appropriate MOF precursors is needed to achieve the desired composition and phosphide phase, which requires the careful choice of ligands according to the chemical properties of the metals involved.
Here, we show that the formation of MOF-derived CoMoP and CoMoP 2 materials can be controlled by rationally choosing the organic ligands to construct the precursor. A Co,Mocarboxyphosphonate precursor directs the synthesis towards the CoMoP phase, whereas the phosphorous rich CoMoP 2 phase can be achieved from a Co,Mo-biphosphonate precursor.
The CoMoP and CoMoP 2 materials, coated with N-doped carbon due the presence of N on the ligands, were studied as HER catalysts in acidic medium. CoMoP 2 is more active than CoMoP, exhibiting higher current density at the same overpotential, lower Tafel slope, and a turnover frequency (TOF) of 0.9 s -1 compared to 0.4 s -1 for CoMoP. The superior catalytic activity is attributed to the higher phosphorous content of CoMoP 2 , as well as higher partial charges on the molybdenum and phosphorous at the CoMoP 2 surface that promote the HER.
Results and Discussion
The CoMoP and CoMoP 2 materials were fabricated via thermal decomposition of Co,Mo carboxyphosphonates and phosphonates at 650-750 °C under Ar/H 2 (5%). Selecting the appropriate organic ligands to construct the precursors is the key step to achieve the desired phosphide materials. While single metal CPs are readily obtained with a large variety of ligands, the synthesis of multimetallic CPs is more complex, especially when the metals have significantly different chemical properties. To generate the CoMoP and CoMoP 2 compounds, the precursors need to have adequate Co:Mo:P ratios, as well as the metals in close proximity and homogeneously distributed in the structure. Owing to the different chemical properties of molybdenum and cobalt, ligands containing more than one coordinating group are expected to be more suited for this purpose than ligands with a single coordinating moiety.
Since a Co:Mo:P ratio of 1:1:1 is required to synthesize the CoMoP material, a ligand containing one phosphonate function can be employed. However, if a ligand with a single coordination function is used, like the compound 1 in Figure 1 , a metal phosphonate with 4 Mo:Co ratio of 5:1 is generated ( Figure S1 ), which, after pyrolysis, produces a mixture of MoP as the main component together with CoMoP (Figure 2a ). Mixtures of metal phosphide phases are also obtained from other monophosphonic acids such as phenylphosphonic acid ( Figure S2 ). This is explained by the harder Lewis acidity of Mo 5+ compared to Co 2+ that results in a higher affinity of the former for the phosphonate oxygen atoms and to the establishment of stronger coordination bonds. Consequently, the formation of the Mo phosphonate is favored in comparison with the bimetallic compound, leading to the exclusion of the Co from the structure, to an inhomogeneous distribution of the metals or to a mixture of the two monometallic phosphonates. It is therefore anticipated that the presence of additional coordinating moieties in the ligand can promote the incorporation of a higher amount of Co 2+ into the structure. Specifically, carboxylates can bring the Co and Mo into close proximity, while maintaining the same metal:P ratio. Moreover, carboxylates decompose easily during thermal treatment, without introducing extra species into the final product. As expected, using compound 2 (Figure 1 ) leads to a considerable increase of the cobalt incorporated and a Mo:Co ratio of 5:3 is reached ( Figure S1 ). Nevertheless, the Co amount remains insufficient, and a mixture of MoP and CoMoP is still obtained after pyrolysis ( Figure 2b ), although, based on the relative intensity of the XRD reflections, the proportion of CoMoP increased. To incorporate more cobalt ions, a compound containing two carboxylic acid functions (3, Figure   1 The Co,Mo-3 precursor was further characterized by Fourier-transformed infrared spectroscopy (FT-IR). The spectra of acid 3 and Co,Mo-3 are compared in Figure 2e ,f. The spectrum of 3 can be divided into the following regions: i) the region between 2000 and 3500 cm -1 contains overlapping contributions from the stretching vibrations of OH of the carboxylic acids (2500-3100 cm -1 ), C-H (2850-3000 cm -1 ), and OH of the O=P-OH groups (2500-2700 cm -1 ); ii) a strong band due to C=O stretching is observed at ca. 1740 cm -1 ; iii) the region between 1500 and 1300 cm -1 shows bands from bending vibrations of CH 2 , C-O-H, P-CH 2 , and CH 2 wagging; iv) the region between 1300 and 750 cm -1 displays characteristic bands from stretching and bending vibrations of P=O (1267, 1134 cm -1 ) and P-O (1090, 1034 cm -1 ), together with the stretching of C-O (1247, 1218 cm -1 ), P-OH and C-OH (bands between 1000 and 750 cm -1 ), the C-N stretching also gives a band in this region; v) below 750 cm -1 additional stretching and bending vibrations are observed (e.g. P-C, CH 2 rocking). [30] [31] [32] The C=O band is absent from the spectrum of Co,Mo-3 and instead two bands at 1605 and 1400 cm -1 are observed, which are typical of the asymmetric ν as (COO -) and symmetric ν s (COO -) stretching of the coordinated carboxylate group. The ∆ν=(ν as -ν s )=250 cm -1 indicates a unidentate coordination of the carboxylate. [33] There are also significant changes in the parts of the spectrum associated with P=O, P-OH, C-OH and P-O bonds, with the intensity decreasing drastically or even disappearing in some regions, indicating the absence of free P=O and P-OH groups and suggesting a multidentate bonding of the phosphonate group to the metal. In particular, the bands at 1049 (asymmetric stretching) and 963 cm -1 (symmetric stretching) can be assigned to the PO 3 2group, suggesting a tridentate coordination mode of the phosphonate group with the metals. [31, 32] Finally, two intense broad bands appear above 2500 cm -1 up to 3700 cm -1 , overlapping with those of CH 2 , which are attributed to hydroxyls from H 2 O that indicate the presence of water in the precursor.
To direct the synthesis toward the CoMoP 2 phase, a Co:Mo:P ratio of 1:1:2 is required in the precursor, with ligands having two phosphonate moieties expected to be suited for this 7 purpose. Therefore, the biphosphonic acid 4 in Figure 1 suggest a predominant bidentate coordination of the phosphonate groups with the metals, with the band at 950 cm -1 corresponding to free P-OH groups while the band at 1133 cm -1 can be assigned to PO 2 groups. [31, 32] materials. The spectra shows the typical G-band (at ca. 1597 cm -1 ) and D-band (at ca. 1346 cm -1 ), which is activated by disorder in the sp 2 carbon network. [34] The spectra, with D/G intensity ratios above 1 for both samples, indicates that the carbon coating is disordered, which is also consistent with the presence of N-doping.
The surface of CoMoP and CoMoP 2 was characterized by X-ray photoelectron spectroscopy compounds. [28, 35] The Mo(phosphide) contribution corresponds to 60% of the CoMoP 2 spectrum compared to 40 % in the case of CoMoP, suggesting that CoMoP 2 is more resistant to oxidation due to its crystalline structure or higher phosphorous content. The Co 2p 3/2 region of Co 2p spectra (Figure 5c ) exhibits a contribution at 778.1 eV for CoMoP and 778.3 eV for CoMoP 2 corresponding to the Co species in the phosphide compounds. [20, 28] The signal at 781.0 eV is attributed to surface oxidized cobalt species. In the P 2p spectra ( Figure 5d ) the 2p 3/2 and 2p 1/2 components found at at 128.9 and 129.3 eV for CoMoP and 128.5 and 129.3 eV for CoMoP 2 are assigned to phosphorous in the phosphides. [20, 28, 35] The contributions at higher binding energies are from oxidized phosphorous species at the surface of the materials (phosphates). [35] The spectra reveal differences in the electronic structure of the metals and phosphorous at the surface of CoMoP and CoMoP 2 . The Mo(phosphide) contribution is shifted towards higher binding energies for CoMoP 2 with respect to CoMoP. In the case of the Co 2p spectra, the shift is almost unnoticeable, while a shift to lower binding energies occurs for the P(phosphide) signal of CoMoP 2 with respect to that of CoMoP. These results suggest a charge transfer mainly from Mo to P, of higher magnitude for CoMoP 2 , which results in higher positive partial charge at the Mo atoms and higher negative partial charge at the P atoms for CoMoP 2 than for CoMoP. [36] In order to evaluate the influence of the phosphide phase on the catalytic activity, the CoMoP and CoMoP 2 materials were tested as HER electrocatalysts in acidic medium (0.5 M H 2 SO 4 ) ( Figure 6 ). All the measurements were performed using a three-electrode setup with a glassy carbon RDE as the working electrode. The HER polarization curves of CoMoP and CoMoP 2 are compared in Figure 6a . CoMoP 2 exhibits higher HER activity than CoMoP, driving a current density of -10 mA cm -2 (geometric area) at an overpotential (η) of 155 mV against 220 mV
for CoMoP. It is worth mentioning that these overpotentials correspond to a catalyst loading of 0.25 mg cm -2 , and considerably lower values of 105 mV and 115 mV, respectively, are reached with the higher catalyst loading used for the stability measurements (Figure 6d ).
Tafel analysis of the linear sweep voltammetry (LSV) curves measured at 5 mV s -1 was carried out to gain insights into the HER kinetics and mechanism of the electrocatalysts (Figure 6b ). CoMoP and CoMoP 2 have Tafel slopes of 89 and 75 mV dec -1 , respectively, reflecting faster HER kinetics at the surface of CoMoP 2 . The HER proceeds through two sequential steps: the first is an electrochemical discharge (Volmer reaction), corresponding to a Tafel slope of 120 mV dec -1 ; which is followed by either an electrochemical desorption step (Heyrovský reaction, with a Tafel slope of 38 mV dec -1 ) or a recombination reaction (Tafel reaction, corresponding a Tafel slope of 29 mV dec -1 ). [3] Based on the slopes calculated in Figure 6b , the HER on both CoMoP and CoMoP 2 proceeds through a Volmer-Heyrovský mechanism. [3] The smaller slope of CoMoP 2 suggests faster proton discharge kinetics compared to CoMoP. Additionally, exchange current densities (j 0 ) of 33.1 and 48.9 µA cm -2 for CoMoP and CoMoP 2 were also calculated by Tafel analysis. j 0 is considered a measured of a catalyst intrinsic kinetic ability, reflecting the facility of the electron transfer and of the electrode reaction, which is related with the properties of the catalyst material. [3] The higher j 0 of CoMoP 2 reflects its superior intrinsic ability to promote the HER reaction compared to CoMoP. To gain insights into the reasons behind the superior catalytic of CoMoP 2 , the electrochemical active surface areas (ECSA) of the catalysts were investigated. The ECSA correlates with the electrochemical double-layer capacitances (C dl ) of the electrodes, which were determined by cyclic voltammetry measurements ( Figure S4 ). [37] The Cdl of CoMoP and CoMoP 2 are 1. Figure S5 ). [38] The TOF of CoMoP 2 at η=200 mV is 0.9 s -1 , which is more than twice the TOF of CoMoP (0.4 s -1 ) at the same overpotential (Figure 6c ). These results are indicative of the higher intrinsic activity of the active sites of CoMoP 2 catalyst compared with CoMoP.
Additional information on the charge-transfer processes at the electrode-electrolyte interface during HER was obtained with electrochemical impedance spectroscopy (EIS) measurements.
The Nyquist plots of the samples (Figure 6f ) reveal a much higher charge-transfer resistance for CoMoP than for CoMoP 2 , which is consistent with the slower HER kinetics observed for the former electrocatalyst. [39] The lower carbon content of CoMoP and slightly larger particle size can account for the higher resistance of CoMoP. [39] To clarify the effect of the resistance on the relative performance of the catalysts, electrodes were additionally prepared by adding conductive carbon to the metal phosphide materials (these electrodes are named CoMoP-C and CoMoP 2 -C). The results show ( Figure S6 ) that the charge-transfer resistance of the CoMoP-C electrode significantly decreases, becoming closer to that of the CoMoP 2 electrode.
The added carbon seems to also help dispersing the CoMoP catalyst, as the C dl increases to 4.9 mF cm -2 while the C dl of CoMoP 2 -C remains similar to the initial value. However, despite the lower charge-transfer resistance at the electrode-electrolyte interface and higher ECSA of CoMoP-C with respect to CoMoP 2 -C, the latter phosphide phase still remains more active for the HER. It generates a current density of -10 mA cm -2 at η=140 mV compared to 155 mV for CoMoP-C, and exhibits a TOF of 1.8 s -1 at η=200 mV against 0.9 s -1 for CoMoP-C. Therefore, these results indicate that the active sites of CoMoP 2 are more active than those of CoMoP, which is a main factor leading to the superior HER activity of the former. This is attributed to the higher phosphorous content on CoMoP 2 , as well as to the higher negative partial charge on phosphorous and higher positive partial charge on the Mo, as determined by XPS. [36, 40] It has been proposed that the metal centers at the surface function as hydride-acceptors while the phosphorous atoms in close proximity act as proton-acceptors that promote HER. [4, 41] Consequently, higher partial charges on the metal and phosphorous atoms increase the intrinsic activity of the active sites. [36, 40] Differences in the stability of the catalysts were also evaluated by performing CV cycling and chronoamperometry measurements (Figure 6d,g,h) . Both CoMoP and CoMoP 2 are fairly stable, showing small activity losses over a period of 20 h of continuous electrolysis at -10 mA cm -2 (Figure 6d ). The electrodes overpotential increase by only 30 and 15 mV for CoMoP and CoMoP 2 , suggesting that CoMoP is less stable than CoMoP 2 . Furthermore, negligible activity changes are also observed for both electrodes after 2000 CV cycles (Figure 6g,h) . The catalysts were characterized after the electrochemical stability tests to further evaluate their stability. TEM imaging shows no changes on the size and morphology of both phosphide materials, and the crystalline structure remains unchanged, as determined by electron diffraction ( Figure S7 ). EDS analysis reveals a small loss of cobalt on CoMoP due to dissolution while no noticeable changes are observed for CoMoP 2 (Figure S7 ). The surface of the catalysts remains unchanged, according to the XPS measurements after catalysis ( Figure   S8 ), apart from the decrease of the contribution from cobalt oxides, which is caused by dissolution of the oxidized cobalt species that are unstable under acidic conditions.
Conclusion
We 
Experimental Section
Materials: All chemicals were used as received without further purifications. Cobalt chloride hexahydrate (98%), Phenylphosphonic acid (98%) (7) , (Aminomethyl)phosphonic acid (99%) Turnover frequency calculations.
To calculate the per-site turnover frequency (TOF), we used the following formula: TOF = # total hydrogen turnovers/ cm 2 geometric area # active sites /cm 2 geometric area
The total number of hydrogen turnovers was calculated from the current density according to: Since the exact hydrogen binding site numbers is unknown, we estimate the number of active 
